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ABSTRACT

The residual structure has an important influence on the design of the neural
network model. The neural network model based on residual structure has excellent
performance in computer vision tasks. However, the performance of classical residual
networks is restricted by the size of receptive fields, channel information, spatial
information and other factors. In this article, a novel residual structure is proposed. We
modify the identity mapping and down-sampling block to get greater effective receptive
field, and its excellent performance in channel information fusion and spatial feature
extraction is verified by ablation studies. In order to further verify its feature extraction
capability, a non-deep convolutional neural network (CNN) was designed and tested
on Cifar10 and Cifar100 benchmark platforms using a naive training method. Our
network model achieves better performance than other mainstream networks under
the same training parameters, the accuracy we achieved is 3.08 percentage point higher
than ResNet50 and 1.38 percentage points higher than ResNeXt50. Compared with
SeResNet152, it is 0.29 percentage point higher in the case of 50 epochs less training.

Subjects Algorithms and Analysis of Algorithms, Artificial Intelligence, Data Mining and
Machine Learning
Keywords Residual structure, Receptive field, Channel information fusion, Spatial feature

INTRODUCTION

In 2015, He et al. (2016b) from Microsoft Laboratory proposed a residual structure and
designed ResNet deep neural network model, which won the first prize in the ILSVRC2015
(Russakovsky et al., 2015) Challenge for classification task and target detection, and the
first prize in COCO (Hansen et al., 2021) target detection and image segmentation. The
residual structure has a profound influence on the design of deep neural network models.
Subsequently, many networks based on residual structure appeared, such as ResNetV2 (He
et al., 2016a), WResNet (Zagoruyko ¢ Komodakis, 2016), DenseNet (Huang et al., 2017),
ResUnet++ (Jha et al., 2019), ConvNeXt (Liu et al., 2022). They have excellent performance
in various downstream tasks in the field of computer vision, (Ding et al., 20215 Jha et al.,
2019; Jiang et al., 2018; Wang et al., 2017; Zhu & Wu, 2021). Wightman, Touvron & Jégou
(2021) once again demonstrated the advantages of residual structure through a large
number of optimization experiments. The introduction of the Vision Transformer (VIT)
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(Dosovitskiy et al., 2021) soon replaced convolutional neural networks and became the most
advanced image classification model. Staged Transformers, such as Swin Transformer et
al. (Ding et al., 2022; Liu et al., 2021), reintroduced several priors of convolutional neural
networks, which allow Transformers to serve as a general-purpose backbone effectively
for CV tasks and demonstrate significant performance in a wide variety of visual tasks
(Cao et al., 2021; Chen et al., 2021; Valanarasu & Patel, 2022). Liu et al. (2022) redesigned
convolutional neural networks (CNNs) and tested the limits of what pure CNNs could
achieve, which outperforms Transformer in terms of accuracy and scalability, proving that
the performance of CNNss is still strong.

The feature extraction capability of CNNss is closely related to the size of convolutional
kernels and affects the size of the receptive field. Large convolutional kernels will obtain
larger receptive fields and be able to extract accurate high-level features (He et al., 2016a; He
et al., 2016b; Simonyan & Zisserman, 2015), while small convolutional kernels have greater
advantages in reducing network parameters and computational costs. The effectiveness of
large convolution kernels has been verified (Ding et al., 2022; Liu et al., 2022; Peng et al.,
2017; Simonyan ¢ Zisserman, 2015) on some benchmark platforms, it is commonly believed
that the size of convolution kernels should maintain a certain adaptation relationship with
image size (Ding et al., 2021; Ding et al., 2022; Han et al., 2021; Liu et al., 2022). To obtain
greater receptive fields and improve the robustness of the network (Han et al., 2021),
the stack of three Conv3 x 3 is designed as a new base residual structure to replace the
combination of the stack of two Conv3 x 3 and the combination of Conv1 x 1 and Conv3 x 3
in ResNet (He et al., 2016a; He et al., 2016b).

This article aims to verify the excellent performance of our new residual structures, our
contributions are mainly about three aspects.

1. we propose a base residual structure and series of variants based on the stack of
Conv3 x 3 (Fig. 1), most of which put up an excellent performance in channel
information fusion and spatial feature extraction.

2. we replace the Conv1 x 1 to Conv3 x 3 of the identity mapping, and the performance
is significantly improved.

3. the performance of the non-deep CNNs based on our new residual structure is better
than that of many deep networks, which provides valuable ideas for future network
design.

METHODS

In this section, we first introduce the latest research results for the choice of convolution
kernel size. And then we discuss the issue of insufficient receptive field for the deep residual
network, to do this we put forward a novel Base residual block based on the stack of
Conv3 x 3. Finally we propose an improved method of the Base residual structure.

Kernel size

Neural network design needs to consider several key indicators of network depth, width,
parameters, and computation (Bau et al., 2020; Lorenz, 2021d; Xu, Duan ¢ He, 2022).
Because the residual structure can solve the problems of network degradation well,
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Figure 1 Basic residual block. Using three Conv3 x3 to replace two Conv3 x 3 in shallow residual net-
work and the combination of Convl x1 and Conv3 x3 in deep network, and changing Convl x1 to
Conv3 X3 of identity mapping.

Full-size G4l DOI: 10.7717/peerjcs.1302/fig-1

increasing the network depth once became the main way to improve network performance
for the lack of enough computing power (Hu et al., 20205 Iandola et al., 20165 Tan, Pang
& Le, 2020; Wu et al., 2021). The design of the residual block is accomplished by skip
connection with the identity mapping function. In ResNetV2 (He et al., 2016a), the author
improved the residual structure and proved that the residual structure with the former
standardized method has better performance without improving the effective receptive
field. However, the application of the Transformer represented by the Vision Transformer
(VIT) (Dosovitskiy et al., 2021) in the CV field shakes the dominant position of CNNs
(Ding et al., 2021; Ding et al., 2022; Liu et al., 2021). Researchers begin to re-examine the
performance space of CNNs and carry out comparative studies focused on the effective
receptive field. Ding et al. (2021); Ding et al. (2022); Han et al. (2021); Liu et al. (2022)
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verified that using large convolutional kernels can significantly improve the performance
of fully convolutional networks and achieve a state-of-the-art.

But what is the optimal convolution kernel size? The backbone network of RepLKNet
is stacked with a large number of ConvK x K which can get a great enough receptive field,
the max value of K as kernel size is 31 with corresponding to the image size of 1024 x2048
(Ding et al., 2021). An interesting thing is that with the increasing size of the convolution
kernel, the performance is still increasing by 1 to 2 points on Cityscapes (Alexander, 2022),
ADE20K (Zhou et al., 2017) and other datasets while it’s no longer improved on ImageNet
(Deng et al., 2009). However, the image size of the ImageNet dataset is smaller than that
of Cityscapes and ADE20K. The Similar phenomenon also exists in ConvNeXts and other
full-convolutional neural networks with large convolutional kernels stacked (Zhou, Jin ¢
Zhang, 2014; Ding et al., 2021; Peng et al., 2017). When those networks based on the large
size of kernel work on datasets with small image size, they get worse performance (Ding
et al., 2022; Liu et al., 2022). All of those give us reasons to believe that the selection of the
convolution kernel size should keep match with the size of the image being processed in
the specific task. Obtaining the appropriate receptive field is the primary factor in selecting
the size of the convolutional kernel.

Residual structure
An introduction to the residual structure

The residual structure, also known as ResNet or residual network, is a neural network
architecture introduced in 2015 to solve the issue of vanishing gradients. When the
gradient signal is too small to be effectively propagated through the network during
backpropagation, certain stages particularly those at the beginning of the network may
become difficult to learn from (He et al., 2016a; He et al., 2016b). ResNets’ key innovation
is their “skip connections”, which allow one or more stages in the network to be bypassed.
This enables the network to learn residual mappings that add or subtract input to the output
of a stage, rather than attempting to learn the entire mapping (He et al., 2016b). By using
these skip connections, ResNets can train much deeper networks with greater accuracy,
without being affected by vanishing gradients. ResNets have established state-of-the-art
performance in various computer vision tasks, including image classification, object
detection, and segmentation (Wightman, Touvron & Jégou, 2021).

Bottleneck and identity mapping

The residual structure is the fundamental module of ResNet. In the ResNet network,
the residual structure includes two parts: Bottleneck module and skip connection. The
Bottleneck extracts feature information F(x), and then adds it with skip connection x,
and uses the activation function to nonlinearly activate x 4+ F(x). It can also be said
that the identity mapping of feature information is achieved by using skip connections
(He et al., 2016a). ResNet completes the forward propagation of information by stacking
Bottleneck modules which consist of Conv1 x 1 and Conv3 x 3. Besides down-sampling,
identity mapping is also important, Harn et al. (2021) demonstrated that increasing the
size of the convolution kernel without identity mapping resulted in a significant drop
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in the performance (about 15% on ImageNet) while the identity mapping is added, the
performance is improved.

Kernel size and receptive field

There are many Conv3 x 3 stacks in ResNet (He ef al., 2016b); for example, ResNet-152
has 50 Conv3 x 3 stages, while not getting an effective enough receptive field, which is
because the residual block combined of Conv1 x 1 and Conv3 x 3 enables a down-sampling
to be added to the identity map and activated after only once feature extraction. We
believe that large convolution kernels can be replaced with several small convolution
kernels, for example, one kernel with 7 x 7 size can be replaced with three 3 x 3 with more
quickly inference speed, deeper network, and more advantages of nonlinear calculation
(Badrinarayanan, Kendall & Cipolla, 2017; Ding et al., 2021; Ding et al., 2019; Simonyan ¢
Zisserman, 2015).

Improvement method
We have identified several areas for improvement, and have implemented the following
measures to address them.

Increase the receptive field size

The effectiveness of the convolution kernel with the size of 7 x 7 has been verified (Han
etal., 2021; Liu et al., 2022), and the benefit of using a larger convolution kernel which
plays a higher performance of the CNN is reflected in the latest research results. For
example, the size of the convolution kernel is set to 31 x 31 (Ding et al., 2022). The residual
structure designed by us based on the stack of three Conv3 x 3 not only achieves the same
size of receptive field as Conv7 x 7, but also obtains a significant performance superior
to Conv7 x 7 in channel information fusion and feature extraction ability. To overcome
the defects of the traditional deep network based on a small convolutional kernel, we
redesigned a basic residual structure, using three Conv3 x 3 to replace the combination of
Conv1 x 1 and Conv3 x 3 in ResNet (He et al., 2016a; He et al., 2016b), beyond that we also
change the identity mapping Conv1 x 1 to Conv3 x 3 (Fig. 1).

Make the network lightweight

Since the effectiveness of depth-wise separable convolution (Chollet, 2017; Howardet al.,
2017; Sandler et al., 2018) has been fully demonstrated in RepLKNet (Han et al., 2021),
group convolution (loannou et al., 2017), asymmetric convolution (Ding et al., 2019) and
point-wise convolution (Howardet al., 2017; Sandler et al., 2018) are used to design a series
of variant structures excluding depth-wise separable convolution.

The channel is squeezed and expanded

The performance of a convolutional neural network is mainly reflected in the feature
extraction capability stage by stage (Chen et al., 2018; Huang et al., 2017; Krizhevsky,
Sutskever & Hinton, 2017; Russakovsky et al., 2015). For a feature input (B, C, H, W), it
is necessary to focus on the important features of the image, suppress unnecessary regional
responses, and strengthen the attention of channel information and spatial information
(Dong, Cordonnier & Loukas, 2021; Guo et al., 2022; Loshchilov & Hutter, 2019; Vaswani
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Figure 2 Basic network structure. The root block consists of just one Conv3 x 3, which converts to 64
channels; Layer1 converts the number of channels to 128 with optinal double down-sampling. Stage 2 to
Stage 4 completes the double expansion of the number of channels and performs double down-sampling;
the last block is classifier.
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et al., 2017; Woo et al., 2018; Wu et al., 2021; Zagoruyko ¢ Komodakis, 2017). To this end,
we design the basic structure of a non-deep network and add attention mechanism and
channel ES (expansion and squeeze) operation to the network structure (Hu et al., 2020).

Scale the depth and width of the network

In terms of network depth and width selection, the design of a neural network tends to
increase the depth to improve network performance while not significantly increasing
computing costs. With the improvement of computing power, it is necessary and feasible
to improve network width to a certain extent to keep the balance of compute cost and
performance (Lorenz, 2021c; Simonyan ¢ Zisserman, 2015; Zagoruyko ¢ Komodakis, 2016).

Structure design

To verify the performance of our novel residual block, a Base network is designed based
on the residual network, and a series of variant structures are designed combining group
convolution, channel information fusion, Channel Attention, and Spatial Attention
mechanism (Chen et al., 2020; Guo et al., 2022; Lin et al., 2022; Szegedy et al., 2017; Vaswani
etal., 2017; Woo et al., 2018).

Basic network structure

We follow the design idea of residual structure and construct a non-deep network with
large number of parameters with four stages. The excellent performance of the heavily
parameterized network model has been verified on the benchmark platform of ImageNet
(Deng et al., 2009) and other data sets, but few experimental results on the Cifar dataset. To
keep the suitability of size between the image of Cifar datasets and the convolution kernel,
we select the convolution kernel size as 3 x 3. Our basic network structure consists of a root
module, four stages, and a classifier. The function of the root module is only to change the
number of channels to 64 without double down-sampling; for the stages, each one consists
of several residual blocks to enlarge the original number of channels by a factor of 2, the
double down-sampling of the first stage is optional, and the next three stages’ is fixed; the
classifier module completes the output function (Fig. 2).
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Table 1 Basic network with five depth levels. The max depth of our shallow network is 28 and the min is
13, the value of FLOPs is calculated by (128,3,32,32) input size and 100 classes.

Level Blocks Convs Parameter (M) FLOPs(G)
Tiny_B [1,1,1,1] 12+1 108.03 2.52
Tiny_L [1,1,2,1] 15+1 114.40 2.90
Samll [1,1,3,1] 18+1 121.54 3.53
Deep_B [1,2,3,1] 21+1 123.23 4.54
Deep_L [2,2,3,2] 27+1 150.66 5.29

The width of each stage (including the root module) is the list of [64,128,256,512,1024].
The number of blocks, the parameters of the network, and the amount of calculation
are shown in Table 1. We estimate the number of parameters by Torchsummary and the
computation quantity of FLOPs by Thop. Since the root module includes one Conv3 x 3,
the number of convolution stages of each depth level is added by 1.

Due to our network’s parameters being heavy, as the number of convolutional stages
increases from 13 to 28, the FLOPs increase about twice, and that of parameters increases
by about 42M. We combined asymmetric convolution (Ding et al., 2019), point-wise
convolution, and group convolution (Chollet, 2017; Ding et al., 2019; Lorenz, 2021b; Wang
et al., 2017) to design a series of variant structures to make the network lightweight (Fig. 3).

Variant structure

A series of residual structure variants and network variants are designed from three
aspects, namely network lightweight, channel information fusion (Dumoulin ¢ Visin,
20165 Howard ¢» Ruder, 2018; Hu et al., 2020; Liu et al., 2022) and attention mechanism
(Zhou, Jin & Zhang, 2014; Guo et al., 2022; Jaderberg et al., 2015; Vaswani et al., 2017; Woo
et al., 2018). All variants are designed on the condition of keeping the receptive field few
changed. Six of them are residual structure variants (Fig. 3) and five are network variants.
The variants are those we add an attention mechanism, and squeeze-expansion module
between each stage of the basic network structure (Cao ef al., 2022; Hu et al., 2020; Liu et
al., 2022) (Fig. 2).

Based on the Base residual block, we change Conv3 x 3 of the identity mapping to
Convl x 1 and named Variantl (V1). Variant2 (V2) identity mapping is designed as
Conv1 x 1, and the second and third Conv3 x 3 in the residual block are replaced with the
combination of Conv1 x 1 and Conv3 x 3 (Group). Based on the Base residual block, V1
is modified to replace the third Conv3 x 3 with asymmetrical convolution (Conv1 x 3 and
Conv3 x 1) in the residual block named Variant3 (V3). Variant4 (V4) is modified based
on V1 and we use the combination of Conv3 x 3(Group) and Conv1 x 1 to replace the
third Conv3 x 3 in the residual block; like the ConvNeXt’s expansion module (Liu et al.,
2022), Variant5 (V5) based on Base network is designed as adding a 4X channel expansion
module between each stage. Conv1 x 1 is used for the identity mapping of Variant6 (V6)
and ES (expansion and squeeze) operations (Hu et al., 2020) are added in the residual
block, and the channel is enlarged to an intermediate value (mid = out + (out —in)/2)
by the first convolution operation, then the number of channels is reduced to OUT
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Figure 3 Variant of residual block. The combination of grouping convolution and point-wise convolu-
tion is used in V1, V2, V4 and V6 structures, and Conv3 x 3 in identity mapping is changed back to Convl
% 1 to reduce the number of parameters. Asymmetric convolution is used to reduce the number of param-
eters in V3 structure. In V6 and V7, expansion channel is used to improve network performance.
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by the second convolution operation. we change the identity mapping Convl x 1 to
Conv3 x 3 based on Variant6 named Variant7 (V7). Based on Basic network, we add a
Channel Attention mechanism between each stage named Variant8 (V8), and add CBAM
(ChannelAttention + SpatialAttention) (Woo et al., 2018) to Base network between each
stage named Variant9 (V9). Based on V1, we add a Channel Attention mechanism to it
between each stage named V10. Unlike V10, the Spatial Attention mechanism (Vaswani et
al., 2017; Woo et al., 2018) is added in Variantll (V11).

Like the Base network, Each network variant is designed as five-level depth according to
the number of residual blocks in stages (Table 2).

EXPERIMENTS

This section covers three main aspects: (1) Experimental Setup, in which we introduce
the selected dataset, validate its suitability, and explain the experimental parameters
and their rationale. (2) Ablation Studies, where we design a series of experiments
based on the ‘Basic Model Structure’ and ‘Variant Structure’ discussed in the ‘Structure
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Table 2 Shows the number of parameters and FLOPs at the network’s level of Tiny_B and Deep_B of
the 10 network variants respectively, parameters are calculated in the same way as in Table 1 (Acc %).

Alias Variant Level Blocks Parameter FLOPs

(MB) (G)
Ti B 1,1,1,1 86.78 2.52

V1 Skip_Convlxl - [ ]
Deep_B [1,2,3,1] 101.98 4.54
V2 Convlxl_Conv3x3 Tiny_B [1,1,1,1] 47.06 2.99
(Group)_Convlxl Deep_B [1,2,3,1] 53.97 5.01
Ti B 1,1,1,1 92.09 2.52

V3 Asymmetric Y- [ ]
Deep_B [1,2,3,1] 105.60 4.54
Ti B 1,1,1,1 46.39 2.52

V4 Conv3x3(Group)_Convlxl Y- [ ]
Deep_B [1,2,3,1] 57.79 4.54
Tiny_B 1,1,1,1 150.65 6.93

V5 Layer_SE - [ ]
Deep_B [1,2,3,1] 165.85 6.95
Tiny_B 1,1,1,1 140.58 2.99

V6 Block_Expand 1y [ ]
Deep_B [1,2,3,1] 155.78 5.01
V7 Block_Expand_ Tiny_B [1,1,1,1] 161.83 2.99
Skip_Conv3x3 Deep_B [1,2,3,1] 177.03 5.01
Ti B 1,1,1,1 108.03 2.86

V8 Layer_ChannelAtten - [ ]
Deep_B [1,2,3,1] 123.23 4.87
Ti B 1,1,1,1 109.36 3.31

V9 Layer_CBAM ny— [ ]
Deep_B [1,2,3,1] 124.98 5.83
Ti B 1,1,1,1 140.58 3.33

V10 Expand_ChannelAtten - [ ]
Deep_B [1,2,3,1] 155.78 5.34
Ti B 1,1,1,1 140.58 3.02

V11 Expand_SpatialAtten - [ ]
Deep_B [1,2,3,1] 155.78 5.04

Design’ section. We conduct experiments with various variant structures to demonstrate

our improvement process and verify the effectiveness of our proposed measures. (3)

Comparative Experiments, where we select several variants with different depths based on

the results of the ablation studies and compare them with other mainstream networks to

further validate the efficacy of our design method.

Settings of the experiments
Dataset selection

Our experiments aim to verify that the residual structure stacked by Conv 3x3 has an

excellent performance in channel information fusion and spatial feature extraction because

of getting suitable receptive fields, so we construct a series of residual structures and

network variants in turn, and that all of those put up an excellent performance on Cifar10

and Cifar100 datasets compared with the current mainstream lightweight network, deep

network, etc. The first reason for choosing the Cifar datasets is that each class of the Cifar100

dataset has 600 color images with a size of 32x 32, among which 500 images are used as

training sets and 100 images as test sets. Compared with ImageNet, its data volume and

image size are much small. The second reason is that the relatively small picture size of Cifar

datasets is more suitable for us to fully demonstrate the effectiveness and superiority of
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our proposed method.. Therefore, we select the Cifar100 dataset as a benchmark platform
and it comprehensively reflects the performance differences between different networks
without any training skills and augmenting data.

Training methods

The main performance of the network model depends on the design of the structure, the
settings of training hyperparameters, and data augment skills (He et al., 2019; Hoffer et al.,
2019; Liu et al., 2022; Lorenz, 2021a; Zhang et al., 2018). To fairly compare the performance
of the model, we take into account two main factors: the task handled by the model and the
benchmark platform. The same experimental environment and hyperparameter settings
maybe not reflect the real differences in network model performance (Ding et al., 2021;
Ding et al., 2022; Strubell et al., 2017), and so far there are no unified standards and methods
to measure the fairness of comparison of a network model. To take the maximization of fair
comparison and highlight the performance variation among the network architectures, we
abandon any training skills across the experiment process, only use naive unified method
for model training without any optimizing to the setting of hyperparameters, except for
only one data augment method named RandomHorizontalFlip.

We conducted experiments on Python3.8.6, Pytorch1.8.2, and Cudall.2 platforms,
and trained the model on 2 Nvidia 3090 GPUs employing data-parallel computing. The
benchmark test platform is Cifar10 and Cifar100 datasets with Epoch = 150, batchsize =
128, optimizer = SGD, momentum = 0.9, weight_decay = 5e—4, Ir = 0.1, scheduler =
MultiStepLR, milestones = [60,100,130], gamma = 0.1.

Ablation study

According to the ‘Basic model structure’ and ‘Variant structure’ discussed in the Structure
design section, 11 variants of network structure are designed relative to the Base network
(Table 2), and six global random seeds are selected to test the stability of the Base network
structure. Except for testing the stability of the network, others’ random seeds are set to
1,234. According to the improved method we mentioned, the experiment includes the
following aspects.

Test for the stability of the Base network
We hope that the designed multiple variant structures can perform well in a robust network
architecture, so we first test the robustness of the network architecture. Consistent with
the above experimental settings, six global random seeds are selected to pass the test on the
Cifar100 dataset (Table 3).

The above experimental results verify the robustness of our designed variant structure.

Boost the receptive field size
To demonstrate that the Base structure design can boost the receptive field size, variant
structures V1 and V2 are designed (Fig. 3), using Conv 1x1 in the identity map and
Bottleneck, respectively. The experiment results are shown in Table 4.

Compared with Base, the number of parameters in V1 is reduced by 21.25M, and the
accuracy is reduced by 1.41% on average. From the experimental comparison between
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Table 3 Results of stability tests (Acc %). An average accuracy of 78.49% is obtained by training 150
epochs with 6 different random seeds, with a fluctuation of 0.3%.

Seed 1234 1008 1324 2413 4213 3412
Max Accuracy 78.38 78.20 78.36 78.45 78.66 78.86
At Epoch 138 119 113 113 139 118

Table 4 Experimental results of group convolution, point-wise convolution and asymmetric convolu-
tion (Acc %).

Alias Tiny_B Tiny_L Samll Deep_B Deep_L
Base 78.38 78.88 78.52 79.03 79.03
V1 77.59 76.72 77.45 77.65 77.39
V2 75.85 76.81 77.75 77.96 77.32
V3 ./ 78.05 79.09" 79.41" 79.34" 79.28"
va ./ 77.37 78.37 77.99 77.47 77.57

the variant structure V1 and the base structure, it can be concluded that modifying the
Convl x 1 of the identity map in the residual structure to Conv3 x 3 can significantly
improve the performance of the network.

Based on V1, we construct V2 with the combination of Conv1 x 1 and Conv3 x 3 (Group)
which improves the channel information fusion ability while reducing the receptive field of
the bottleneck in the redisual structure. Compared with the Base, V2’s accuracy is reduced
by 1.63% on average, and the performance is reduced by 0.22% on average. From the
experimental comparison between the variant structure V2 and the base structure, it can
also be concluded that increasing the receptive field size of the bottleneck in the residual
structure can significantly improve the performance of the network.

Make the network lightweight

Although replacing Convll in the residual structure with Conv33 proved to be effective,
the number of parameters of the network was high. To make the network more lightweight,
we designed variant structures V3 and V4 (Fig. 3). (1) We construct V3 by the combination
of Conv3 x 3 (Group) and asymmetric ( Conv1 x 3+ Conv3 x 1) and verify the validity
of asymmetric convolution, as the average number of V3’s parameters is reduced about
17M, the average accuracy is improved by 0.3%, the max accuracy is improved by 0.89%.
(2) V4 is modified from V1, the number of parameters is reduced to 50% of the Base, and
the average accuracy decreases by 1.01% compared with it, but the average performance
of V3 increases by 0.4%, and max increase by 0.65% compared with V1, it proves that the
structure of V4 is effectiveness.

From the above analysis, it can be concluded that the performance of the identity
mapping with Conv3 x 3 is far superior to that of Conv1 x 1. It is effective to replace
the last Conv3 x 3 with the combination of Conv3 x 3 (Group) and asymmetric
(Conv1 x 3+ Conv3 x 1), the combination of Conv3 x 3 (Group) and Convl x 1, we
can reduce the net’s parameter greatly, especially with the combination of the latter. By
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Table 5 Experiment results of feature fusion in channel (Acc %).

Alias Tiny_B Tiny_L Samll Deep_B Deep_L
Base 78.38 78.88 78.52 79.03 79.03
V1 77.59 76.72 77.45 77.65 77.39
V5 77.65 78.84 78.51 78.79 79.55"
V6 / 78.60" 78.93 78.941 79.63" 78.93
V7 79.16'" 79.03 79.50"" 79.291 79.5311

changing the identity mapping Conv1 x 1 structure into Conv3 X 3 in V4, we can improve
its performance highly, so the structure design of V3 and V4 is retained.

Enhance channel information fusion capability

In order to further improve the network performance, we make improvements in channel
information fusion and design variant structures V6 and V7. The experiment results in
this section are shown in Table 5. Referring to the practice of ConvNeXts (Liu et al., 2022),
four times ES (4X expansion and squeeze) module was added between stages of the V5
structure. With the increase of network depth, the performance of V5 is gradually improved
and surpassed at the fifth depth level (the accuracy was improved by 0.52% compared with
Base). We adopts ES (expansion and squeeze) method in residual block to expand channel
width (Hu et al., 2020; Liu et al., 2022; Zagoruyko & Komodakis, 2016) in the V6 structure.
Compared with V1, the performance of V6 is improved by 1.57% on average and 2.21%
on max, but the number of its parameters is increased by about 54M. Based on V6, the
Conv1 x 1 in identity mapping is changed to Conv3 x 3 named V7, which improved by
0.3% on average and 0.95% on max compared with V6, and 0.534% on average and 0.98%
on max compared with Base.

The above comparison results show that V5 has no advantages over V6 and V7 in a
non-deep network, V5’s preponderance perhaps needs to be verified in a deeper network.
And that we can know from Table 5 that replacing Conv1 x 1 with Conv3 x 3 in the identity
mapping can significantly improve network performance.

From the above analysis, it can be concluded that ES can improve the network
performance, so we keep the design scheme of variant structure V6 and V7.

Comparison with attention mechanism

In order to further verify the effectiveness of ES, some attention mechanisms are designed
into the network architecture and compared with ES. The experiment results in this section
are shown in Table 6. Spatial Attention and Channel Attention are added to the Base
network to observe the performance of the network. It is considered empirically that
adding an attention mechanism (Celebi, Kingravi ¢ Vela, 2013; Guo et al., 2022; Vaswani
et al., 2017) module is effective. V8 and V9 based on the Base network are added Channel
Attention mechanism and CBAM(Woo et al., 2018) between stages respectively while it is
lower compared with the Base’s performance. Based on V6, the Channel Attention and the
Spatial Attention mechanism (Dong, Cordonnier ¢ Loukas, 2021; Guo et al., 2022; Vaswani
et al., 2017; Wojna et al., 2017; Woo et al., 2018; Xie et al., 2017) are added to V10 and V11
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Table 6 Experimental results of Attentional Mechanism and ES (Expansion and Squeeze) modules
based on the Base and V6(Acc %).

Alias Tiny_B Tiny_L Samll Deep_B Deep_L
Base 78.38 78.88 78.52 79.03 79.03
V6 78.60 78.93 78.94 79.63 78.93
V8 75.85 76.81 77.75 78.87 78.73
V9 78.18 78.51 78.42 78.80 78.85
V10 77.82 78.10 78.17 78.44 -

Vil 78.52M+ 79.28M 78.75M 79.32™ 79.181"

between the stages their own, respectively. V10 is lower compared with Base and V6, and
V11 Added Spatial Attention is slightly higher than Base’s performance but is also lower
than V6’s.

Through the experimental comparison, we can see that adding various attention
mechanisms and ES (expansion and squeeze) operations between stages can get no
improvement in the performance of the Base and V6 residual structure. So the conclusion
can be drawn that the residual structure based on the stack of three Conv3 x 3 is powerful
enough in channel fusion ability and spatial feature extraction ability (Dong, Cordonnier ¢
Loukas, 2021) at current depth.

Over all, we can draw some conclusions as follows. (1) The residual structure based
on the stack of Conv3 x 3 has excellent performance. (2) It does not need extra attention
mechanisms in channel information fusion and spatial feature extraction (Dong, Cordonnier
& Loukas, 2021), but ES is necessary. (3) We can lightweight the network and achieve
excellent performance without reducing the receptive field. (4) Replacing Conv1 x 1 to
Conv3 x 3in identity mapping results in performance improvements in multiple variants.
Therefore, we retain five residual structures, including Base, V3, V4, V6 and V7, to provide
a basis for optimizing networks with higher performance.

Comparative experiments

In order to show the performance of our designed module, we selected our Base, V3,
V4, V6, V7 and Vggl19bn, ResNet18 ResNet50, ResNeXt50, GoogLeNet, MobileNetv2,
SeResNet50, ShuffleNetv2, et al. to make a full comparison with the experimental results
under the same and different hyperparameter setting and training method. It is verified
that the residual structures based on the stack of multiple Conv3 x 3 put up excellent
performance (Fang et al., 2020; Xie et al., 2017; Zhu & Wu, 2021). The intuitive results of
the residual block on Cifar datasets we designed in contrast to other network can be seen
in Fig. 4.

Under the same training hyperparameter condition, on the Cifarl0 dataset, the
performance of our simple non-deep network is comprehensively superior to Vggl9BN,
ResNet18, ResNet50, ResNeXt50, GoogLeNet, MobileNetv2, SeResNet50, ShuffleNetv2-
et al.. The lightweight models V3 and V4 achieve similar accuracy to ResNet18V2, but
V3_Tiny-Band V3_Deep_B on Cifar100 dataset are 0.74% and 2.04% higher than ResNet18
respectively (Table 7).
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2 Experimental Results on Cifar100
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Figure 4 The performance of the shallow networks based on the residual block we designed contrast
to the mainstream network. Without any training skills, under the same experimental conditions and
with the same parameter settings, the performance of the shallow network we designed exceeds that of the
mainstream network (see Table 7).

Full-size Gal DOI: 10.7717/peerjcs.1302/fig-4

Comparing the results of 150 epoch-trained experiments on the Cifar100 dataset,
V6_Deep_B exceeds ResNet50 by a maximum of 3.08%, ResNeXt50 by a maximum of
1.38%, and SeResNet152 by a maximum of 0.29%. This is achieved without massively
increasing the network depth, and the network structure can be further optimized to
improve the performance.

Through the above analysis, we find that the network architecture based on the improved
residual structure is competitive with the mainstream network architecture.

CONCLUSIONS AND FUTURE WORK

We believe that obtaining the appropriate receptive field is the primary factor in selecting
the size of the convolutional kernel. Our work mainly includes the following aspects. (1)
A base residual structure and series of variants based on the stack of Conv 3x3 were
proposed. (2) The method of replacing the Conv 1x1 with Conv 3x3 of the identity
mapping can improve the performanceof residual structure. (3) The performance of the
non-deep CNN based on our new residual structure is better than that of many deep
networks, which provides valuable ideas for future network design. It was verified by
experiments that the residual structure stacked by Conv 3x 3 has an excellent performance
in channel information fusion and spatial feature extraction because of getting suitable
receptive fields, so we constructed a series of residual structures and network variants in
turn, and that all of those put up an excellent performance on the Cifar10 and Cifar100
datasets compared with the current mainstream lightweight network, deep network, etc.
To keep the suitability of size between the receptive field and image size in the designing
of a network, we stacked three Conv3 x 3 to construct a base residual structure that can

enhance the receptive field while maintaining strong channel information fusion capability.

Hu et al. (2023), PeerJ Comput. Sci., DOl 10.7717/peerj-cs.1302 14/21


https://peerj.com
https://doi.org/10.7717/peerjcs.1302/fig-4
http://dx.doi.org/10.7717/peerj-cs.1302

PeerJ Computer Science

Table 7 Comparison of results on the benchmark platform (Acc %). The initial Ir = 0.1, scheduler =
MultiStepLR, gamma=0.1, batchsize = 128, weight _decay = 5e — 4, momuentu = 0.9. All parameter counts
are calculated with [28,3,32,32] input data size.

Model Convolutions Parameter Cifar10 Cifar100

(MB) 150 epoch

150 epoch 200 epoch

Vggl9BN 19 150.02 93.03 70.23 72.23
ResNet18(V1,V2) 18 42.80 94.86(V2) 77.31(V2) 75.61(V1)
ResNet50 50 90.43 94.39 76.55 77.39
ResNeXt50 50 56.41 94.66 78.25 77.77
ResNet152 152 147.33 - - 77.69
GoogLeNet 22 24.42 94.54 76.95 78.03
MobileNetv2 88 9.04 91.58 70.55 68.08
SeResNet50 50 100.18 94.31 7591 77.93
SeResNet152 152 248.13 - - 79.34
ShuffleNetv2 - 5.19 92.10 72.30 69.51
Base_Tiny_B (ours) 13 108.03 95.25" 78.38" 78.63"
Base_Deep_B (ours) 22 123.23 - 79.03" 79.26"
V3_Tiny-B (ours) 20 92.09 94.96" 78.05" 78.67"
V3_Deep_B (ours) 35 105.60 - 79.34™ 79.76"
V4_Tiny_B (ours) 17 46.39 94,791 77.37 78.24
V4_Tiny_L (ours) 21 51.42 - 78.37"
V6_Tiny_B (ours) 13 140.58 95.16' 78.60" -
V6_Deep_B (ours) 22 155.78 - 79.6311 -
V7_Tiny_B (ours) 13 161.83 95.231 79.161 -
V7_Small (ours) 19 175.34 - 79.501" -

We will further study the adaptive relationship between the receptive field size and the
image size to find a method to automatically adjust the convolution kernel size.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the Natural Science Foundation of Colleges and Universities
of Anhui Province (No. KJ2020A0773) and the Excellent top-of-the-line Talent Training

Program of Colleges and Universities of Anhui Province (No. gxgnfx2019063). The funders
had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

Natural Science Foundation of Colleges and Universities of Anhui Province: KJ2020A0773.
Excellent top-of-the-line Talent Training Program of Colleges.

Universities of Anhui Province: gxgnfx2019063.

Hu et al. (2023), PeerJ Comput. Sci., DOl 10.7717/peerj-cs.1302 15/21


https://peerj.com
http://dx.doi.org/10.7717/peerj-cs.1302

PeerJ Computer Science

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e XiuJian Hu conceived and designed the experiments, performed the computation work,
prepared figures and/or tables, authored or reviewed drafts of the article, and approved
the final draft.

e Guanglei Sheng conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

e Daohua Zhang performed the experiments, prepared figures and/or tables, authored or
reviewed drafts of the article, and approved the final draft.

e Lin Li analyzed the data, prepared figures and/or tables, authored or reviewed drafts of
the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:
The code is available in the Supplemental Files.
The Cifar10&100 dataset is available on Figshare: Hu, Xiujian (2022): cifar10&cifar100.
figshare. Dataset. https:/doi.org/10.6084/m9.figshare.21532920.v2.
The original datasets are available at the University of Toronto:
https:/fwww.cs.toronto.edu/~kriz/cifar.html.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj-cs.1302#supplemental-information.

REFERENCES

Alexander P. 2022. Cityscapes. Methodist De Bakey Cardiovascular Journal 18(2):114-116
DOI 10.14797/mdcvj.1087.

Badrinarayanan V, Kendall A, Cipolla R. 2017. SegNet: a deep convolutional encoder-
decoder architecture for image segmentation. IEEE Transactions on Pattern Analysis
and Machine Intelligence 39(12):2481-2495 DOI 10.1109/TPAMI.2016.2644615.

Bau D, ZhuJY, Strobelt H, Lapedriza A, Zhou B, Torralba A. 2020. Understanding
the role of individual units in a deep neural network. Proceedings of the Na-
tional Academy of Sciences of the United States of America 117(48):30071-30078
DOI 10.1073/pnas.1907375117.

Cao H, Wang Y, Chen J, Jiang D, Zhang X, Tian Q, Wang M. 2021. Swin-unet:
unet-like pure transformer for medical image segmentation. ArXiv preprint.
arXiv:10.48550/arXiv.2105.05537.

CaoJ,LiY, Sun M, Chen Y, Lischinski D, Cohen-Or D, Chen B, Tu C. 2022. DO-Conv:
depthwise over-parameterized convolutional layer. IEEE Transactions on Image
Processing 31:3726-3736 DOI 10.1109/tip.2022.3175432.

Hu et al. (2023), PeerJ Comput. Sci., DOl 10.7717/peerj-cs.1302 16/21


https://peerj.com
http://dx.doi.org/10.7717/peerj-cs.1302#supplemental-information
https://doi.org/10.6084/m9.figshare.21532920.v2
https://www.cs.toronto.edu/~kriz/cifar.html
http://dx.doi.org/10.7717/peerj-cs.1302#supplemental-information
http://dx.doi.org/10.7717/peerj-cs.1302#supplemental-information
http://dx.doi.org/10.14797/mdcvj.1087
http://dx.doi.org/10.1109/TPAMI.2016.2644615
http://dx.doi.org/10.1073/pnas.1907375117
http://arXiv.org/abs/10.48550/arXiv.2105.05537
http://dx.doi.org/10.1109/tip.2022.3175432
http://dx.doi.org/10.7717/peerj-cs.1302

PeerJ Computer Science

Celebi ME, Kingravi HA, Vela PA. 2013. A comparative study of efficient initialization
methods for the k-means clustering algorithm. Expert Systems with Applications
40(1):200-210 DOI 10.1016/j.eswa.2012.07.021.

ChenJ,LuY, Yu Q, Luo X, Adeli E, Wang Y, Lu L, Yuille AL, Zhou Y. 2021. TransUNet:
transformers make strong encoders for medical image segmentation. ArXiv preprint.
arXiv:2102.04306.

Chen LC, Papandreou G, Kokkinos I, Murphy K, Yuille AL. 2018. DeepLab: semantic
image segmentation with deep convolutional nets, atrous convolution, and fully
connected CRFs. IEEE Transactions on Pattern Analysis and Machine Intelligence
40(4):834-848 DOI 10.1109/TPAMI.2017.2699184.

Chen P, Liu S, Zhao H, JiaJ. 2020. GridMask Data Augmentation. ArXiv preprint.
arXiv:2001.04086.

Chollet F. 2017. Xception: deep learning with depthwise separable convolutions. In:
Proceedings - 30th IEEE conference on computer vision and pattern recognition, CVPR
2017. Piscataway: IEEE, 1800-1807 DOI 10.1109/CVPR.2017.195.

DengJ, Dong W, Socher R, Li L-J, Li K, Fei-Fei L. 2009. ImageNet: a large-scale hier-
archical image database. In: 2009 IEEE conference on computer vision and pattern
recognition. 248-255 DOI 10.1109/CVPR.2009.5206848.

Ding X, Guo Y, DIng G, Han J. 2019. ACNet: strengthening the kernel skeletons
for powerful CNN via asymmetric convolution blocks. In: Proceedings of the
IEEE international conference on computer vision. Piscataway: IEEE, 1191-1920
DOI 10.1109/1CCV.2019.00200.

Ding X, Zhang X, Han J, Ding G. 2022. Scaling up your kernels to 31 x31: revisiting large
kernel design in CNNs. In: 2022 IEEE/CVF conference on computer vision and pattern
recognition (CVPR), 11953-11965 DOI 10.1109/CVPR52688.2022.01166.

Ding X, Zhang X, Ma N, Han J, Ding G, Sun J. 2021. RepVgg: making VGG-style
ConvNets great again. In: Proceedings of the IEEE computer society conference
on computer vision and pattern recognition. Piscataway: IEEE, 13728-13737
DOI 10.1109/CVPR46437.2021.01352.

Dong Y, Cordonnier J-B, Loukas A. 2021. Attention is not all you need: pure attention
loses rank doubly exponentially with depth. ArXiv preprint. arXiv:2103.03404.

Dosovitskiy A, Beyer L, Kolesnikov A, Weissenborn D, Zhai X, Unterthiner T,
Dehghani M, Minderer M, Heigold G, Gelly S, Uszkoreit J, Houlsby N. 2021. An
image is worth 16x16 words: transformers for image recognition at scale. ICLR 2021.

Dumoulin V, Visin F. 2016. A guide to convolution arithmetic for deep learning. ArXiv
preprint. arXiv:1603.07285.

FangJ, SunY, Zhang Q, Li Y, Liu W, Wang X. 2020. Densely connected search space
for more flexible neural architecture search. In: Proceedings of the IEEE computer
society conference on computer vision and pattern recognition. Piscataway: IEEE,
10625-10634 DOI 10.1109/CVPR42600.2020.01064.

Guo MH, Xu TX, Liu JJ, Liu ZN, Jiang PT, Mu T], Zhang SH, Martin RR, Cheng MM,
Hu SM. 2022. Attention mechanisms in computer vision: a survey. Computational
Visual Media 8(3):331-368 DOT 10.1007/s41095-022-0271-y.

Hu et al. (2023), PeerJ Comput. Sci., DOl 10.7717/peerj-cs.1302 17/21


https://peerj.com
http://dx.doi.org/10.1016/j.eswa.2012.07.021
http://arXiv.org/abs/2102.04306
http://dx.doi.org/10.1109/TPAMI.2017.2699184
http://arXiv.org/abs/2001.04086
http://dx.doi.org/10.1109/CVPR.2017.195
http://dx.doi.org/10.1109/CVPR.2009.5206848
http://dx.doi.org/10.1109/ICCV.2019.00200
http://dx.doi.org/10.1109/CVPR52688.2022.01166
http://dx.doi.org/10.1109/CVPR46437.2021.01352
http://arXiv.org/abs/2103.03404
http://arXiv.org/abs/1603.07285
http://dx.doi.org/10.1109/CVPR42600.2020.01064
http://dx.doi.org/10.1007/s41095-022-0271-y
http://dx.doi.org/10.7717/peerj-cs.1302

PeerJ Computer Science

Han Q, Fan Z, Dai Q, Sun L, Cheng M-M, Liu J, Wang J. 2021. On the connection
between local attention and dynamic depth-wise convolution. ArXiv preprint.
arXiv:2106.04263.

Hansen N, Auger A, Ros R, Mersmann O, Tusar T, Brockhoff D. 2021. COCO: a
platform for comparing continuous optimizers in a black-box setting. Optimization
Methods and Software 36(1):114-144 DOI 10.1080/10556788.2020.1808977.

HeK, Zhang X, Ren S, Sun J. 2016a. Identity mappings in deep residual networks.

In: Leibe B, Matas J, Sebe N, Welling M, eds. Computer Vision—ECCV 2016.
ECCV 2016. Lecture notes in computer science, vol 9908, Cham: Springer
DOI 10.1007/978-3-319-46493-0_38.

He K, Zhang X, Ren S, Sun J. 2016b. Deep residual learning for image recognition. In:
Proceedings of the IEEE computer society conference on computer vision and pattern
recognition. Piscataway: IEEE, 770-778 DOI 10.1109/CVPR.2016.90.

He T, Zhang Z, Zhang H, Zhang Z, Xie J, Li M. 2019. Bag of tricks for image classifica-
tion with convolutional neural networks. In: Proceedings of the IEEE computer society
conference on computer vision and pattern recognition. Piscataway: IEEE.

Hoffer E, Ben-Nun T, Hubara I, Giladi N, Hoefler T, Soudry D. 2019. Augment your
batch: better training with larger batches. ArXiv preprint. arXiv:1901.09335.

Howard J, Ruder S. 2018. Universal language model fine-tuning for text classification.
In: ACL 2018-56th annual meeting of the association for computational linguistics,
proceedings of the conference (long papers), 328-339 DOI 10.18653/v1/p18-1031.

Howard AG, Zhu M, Chen B, Kalenichenko D, Wang W, Weyand T, Andreetto M,
Adam H. 2017. MobileNets: efficient convolutional neural networks for mobile
vision applications. ArXiv preprint. arXiv:1704.04861.

HuJ, Shen L, Albanie S, Sun G, Wu E. 2020. Squeeze-and-excitation networks. IEEE
Transactions on Pattern Analysis and Machine Intelligence 42(8):2011-2023
DOI 10.1109/TPAMI.2019.2913372.

Huang G, Liu Z, Van Der Maaten L, Weinberger KQ. 2017. Densely connected convolu-
tional networks. In: Proceedings - 30th IEEE conference on computer vision and pattern
recognition, CVPR 2017. Piscataway: IEEE, 2261-2269 DOI 10.1109/CVPR.2017.243.

Iandola FN, Han S, Moskewicz MW, Ashraf K, Dally W], Keutzer K. 2016. SqueezeNet:
AlexNet-level accuracy with 50x fewer parameters and <0.5MB model size. ICLR
2017. ArXiv preprint. arXiv:1602.07360.

Ioannou Y, Robertson D, Cipolla R, Criminisi A. 2017. Deep roots: improving CNN
efficiency with hierarchical filter groups. In: Proceedings - 30th IEEE conference on
computer vision and pattern recognition, CVPR 2017. Piscataway: IEEE, 5977-5986
DOI 10.1109/CVPR.2017.633.

Jaderberg M, Simonyan K, Zisserman A, Kavukcuoglu K. 2015. Spatial transformer
networks. ArXiv preprint. arXiv:1506.02025.

Jha D, Smedsrud PH, Riegler MA, Johansen D, Lange TDe, Halvorsen P, Johansen
HD. 2019. ResUNet++: an advanced architecture for medical image segmentation.
In: Proceedings - 2019 IEEE international symposium on multimedia, ISM 2019.
Piscataway: IEEE, 225-230 DOI 10.1109/ISM46123.2019.00049.

Hu et al. (2023), PeerJ Comput. Sci., DOl 10.7717/peerj-cs.1302 18/21


https://peerj.com
http://arXiv.org/abs/2106.04263
http://dx.doi.org/10.1080/10556788.2020.1808977
http://dx.doi.org/10.1007/978-3-319-46493-0_38
http://dx.doi.org/10.1109/CVPR.2016.90
http://arXiv.org/abs/1901.09335
http://dx.doi.org/10.18653/v1/p18-1031
http://arXiv.org/abs/1704.04861
http://dx.doi.org/10.1109/TPAMI.2019.2913372
http://dx.doi.org/10.1109/CVPR.2017.243
http://arXiv.org/abs/1602.07360
http://dx.doi.org/10.1109/CVPR.2017.633
http://arXiv.org/abs/1506.02025
http://dx.doi.org/10.1109/ISM46123.2019.00049
http://dx.doi.org/10.7717/peerj-cs.1302

PeerJ Computer Science

Jiang J, Zheng L, Luo F, Zhang Z. 2018. RedNet: Residual Encoder-Decoder Network for
indoor RGB-D Semantic Segmentation. ArXiv preprint. arXiv:1806.01054.

Krizhevsky A, Sutskever I, Hinton GE. 2017. ImageNet classification with deep
convolutional neural networks. Communications of the ACM 60(6):84—90
DOI 10.1145/3065386.

Lin T, Wang Y, Liu X, Qiu X. 2022. A survey of transformers. AI Open 3(1):111-132
DOI 10.1016/j.aiopen.2022.10.001.

LiuZ,LinY, Cao Y, Hu H, Wei Y, Zhang Z, Lin S, Guo B. 2021. Swin transformer:
hierarchical vision transformer using shifted windows. In: Proceedings of the
IEEE international conference on computer vision. Piscataway: IEEE, 9992-10002
DOI 10.1109/1CCV48922.2021.00986.

Liu Z, Mao H, Wu C-Y, Feichtenhofer C, Darrell T, Xie S. 2022. A ConvNet for the
2020s. In: 2022 IEEE/CVF conference on computer vision and pattern recognition
(CVPR). Piscataway: IEEE, 11966-11976 DOI 10.1109/CVPR52688.2022.01167.

Lorenz K. 2021a. Faster deep learning training with PyTorch —a 2021 guide.

Lorenz K. 2021b. EfficientNet: neural architecture search smart scaling of CNNs.

Lorenz K. 2021c. How to measure algorithmic progress and efficiency in deep learning.

Lorenz K. 2021d. Training 10x larger models and accelerating training on a single GPU
with ZeRO-offloading.

Loshchilov I, Hutter F. 2019. Decoupled weight decay regularization. ArXiv preprint.
arXiv:1711.05101.

Peng C, Zhang X, Yu G, Luo G, Sun J. 2017. Large kernel matters - improve semantic
segmentation by global convolutional network. In: Proceedings - 30th IEEE conference
on computer vision and pattern recognition, CVPR 2017. Piscataway: IEEE, 1743-1751
DOI 10.1109/CVPR.2017.189.

Russakovsky O, DengJ, Su H, Krause J, Satheesh S, Ma S, Huang Z, Karpathy A,
Khosla A, Bernstein M, Berg AC, Fei-Fei L. 2015. ImageNet large scale visual
recognition challenge. International Journal of Computer Vision 115(3):211-252
DOI10.1007/s11263-015-0816-y.

Sandler M, Howard A, Zhu M, Zhmoginov A, Chen LC. 2018. MobileNetV2: inverted
residuals and linear bottlenecks. In: Proceedings of the IEEE computer society con-
ference on computer vision and pattern recognition. Piscataway: IEEE, 4510-4520
DOI 10.1109/CVPR.2018.00474.

Simonyan K, Zisserman A. 2015. Very deep convolutional networks for large-scale image
recognition. ArXiv preprint. arXiv:1409.1556.

Strubell E, Verga P, Belanger D, McCallum A. 2017. Fast and accurate entity recognition
with iterated dilated convolutions. In: EMNLP 2017 - conference on empirical methods
in natural language processing, proceedings, 2670-2680 DOI 10.18653/v1/d17-1283.

Szegedy C, Ioffe S, Vanhoucke V, Alemi AA. 2017. Inception-v4, inception-ResNet and
the impact of residual connections on learning. In: 31st AAAI conference on artificial
intelligence, AAAI, 42784284 DOI 10.1609/aaai.v31i1.11231.

Hu et al. (2023), PeerJ Comput. Sci., DOl 10.7717/peerj-cs.1302 19/21


https://peerj.com
http://arXiv.org/abs/1806.01054
http://dx.doi.org/10.1145/3065386
http://dx.doi.org/10.1016/j.aiopen.2022.10.001
http://dx.doi.org/10.1109/ICCV48922.2021.00986
http://dx.doi.org/10.1109/CVPR52688.2022.01167
http://arXiv.org/abs/1711.05101
http://dx.doi.org/10.1109/CVPR.2017.189
http://dx.doi.org/10.1007/s11263-015-0816-y
http://dx.doi.org/10.1109/CVPR.2018.00474
http://arXiv.org/abs/1409.1556
http://dx.doi.org/10.18653/v1/d17-1283
http://dx.doi.org/10.1609/aaai.v31i1.11231
http://dx.doi.org/10.7717/peerj-cs.1302

PeerJ Computer Science

Tan M, Pang R, Le QV. 2020. EfficientDet: scalable and efficient object detection. In:
Proceedings of the IEEE computer society conference on computer vision and pattern
recognition. Piscataway: IEEE, 10778-10787 DOI 10.1109/CVPR42600.2020.01079.

Valanarasu JM], Patel VM. 2022. UNeXt: MLP-based rapid medical image seg-
mentation network. In: Wang L, Dou Q, Fletcher PT, Speidel S, Li S, eds. Med-
ical Image Computing and Computer Assisted Intervention — MICCAI 2022.
MICCAI 2022. Lecture notes in computer science, vol 13435, Cham: Springer
DOI 10.1007/978-3-031-16443-9_3.

Vaswani A, Shazeer N, Parmar N, Uszkoreit J, Jones L, Kaiser £, Gomez AN, Polo-
sukhin I. 2017. Attention is all you need. Advances in neural information processing
systems, 5999-6009.

WangF, Jiang M, Qian C, Yang S, Li C, Zhang H, Wang X, Tang X. 2017. Residual
attention network for image classification. In: Proceedings - 30th IEEE conference on
computer vision and pattern recognition, CVPR 2017. Piscataway: IEEE, 6450—-6458
DOI 10.1109/CVPR.2017.683.

Wightman R, Touvron H, Jégou H. 2021. ResNet strikes back: an improved training
procedure in timm. ArXiv preprint. arXiv:2110.00476.

Wojna Z, Gorban AN, Lee DS, Murphy K, Yu Q, Li Y, Ibarz J. 2017. Attention-based
extraction of structured information from street view imagery. In: Proceedings of
the international conference on document analysis and recognition, ICDAR, 844—850
DOI 10.1109/ICDAR.2017.143.

Woo S, Park ], Lee JY, Kweon IS. 2018. CBAM: convolutional block attention
module. In: Lecture notes in computer science (including subseries lecture notes
in artificial intelligence and lecture notes in bioinformatics), 11211 LNCS. 3-19
DOI 10.1007/978-3-030-01234-2_1.

Wu Z, Pan S, Chen F, Long G, Zhang C, Yu PS. 2021. A comprehensive survey on
graph neural networks. IEEE Transactions on Neural Networks and Learning Systems
32:14-24 DOI 10.1109/TNNLS.2020.2978386.

Xie S, Girshick R, Dollar P, Tu Z, He K. 2017. Aggregated residual transforma-
tions for deep neural networks. In: Proceedings - 30th IEEE conference on com-
puter vision and pattern recognition, CVPR 2017. Piscataway: IEEE, 5987-5995
DOI10.1109/CVPR.2017.634.

Xu Q, Duan W, He N. 2022. DCSAU-Net: a deeper and more compact split-attention
u-net for medical image segmentation. ArXiv preprint. arXiv:2202.00972.

Zagoruyko S, Komodakis N. 2016. Wide residual networks. In: British machine vision
conference 2016. DOIT 10.5244/C.30.87.

Zagoruyko S, Komodakis N. 2017. Paying more attention to attention: improving the
performance of convolutional neural networks via attention transfer. ArXiv preprint.
arXiv:1612.03928.

Zhang X, Zhou X, Lin M, Sun J. 2018. ShuffleNet: an extremely efficient convolutional
neural network for mobile devices. In: Proceedings of the IEEE computer society
conference on computer vision and pattern recognition. Piscataway: IEEE, 6848-6856
DOI 10.1109/CVPR.2018.00716.

Hu et al. (2023), PeerJ Comput. Sci., DOl 10.7717/peerj-cs.1302 20/21


https://peerj.com
http://dx.doi.org/10.1109/CVPR42600.2020.01079
http://dx.doi.org/10.1007/978-3-031-16443-9_3
http://dx.doi.org/10.1109/CVPR.2017.683
http://arXiv.org/abs/2110.00476
http://dx.doi.org/10.1109/ICDAR.2017.143
http://dx.doi.org/10.1007/978-3-030-01234-2_1
http://dx.doi.org/10.1109/TNNLS.2020.2978386
http://dx.doi.org/10.1109/CVPR.2017.634
http://arXiv.org/abs/2202.00972
http://dx.doi.org/10.5244/C.30.87
http://arXiv.org/abs/1612.03928
http://dx.doi.org/10.1109/CVPR.2018.00716
http://dx.doi.org/10.7717/peerj-cs.1302

PeerJ Computer Science

Zhou A, Jin Y, Zhang Q. 2014. A population prediction strategy for evolutionary
dynamic multiobjective optimization. IEEE Transactions on Cybernetics 44(1):40-53
DOI 10.1109/TCYB.2013.2245892.

Zhou B, Zhao H, Puig X, Fidler S, Barriuso A, Torralba A. 2017. Scene parsing
through ADE20K dataset. In: Proceedings - 30th IEEE conference on computer
vision and pattern recognition, CVPR 2017. Piscataway: IEEE, 5122-5130
DOI 10.1109/CVPR.2017.544.

Zhu K, Wu J. 2021. Residual attention: a simple but effective method for multi-label
recognition. In: Proceedings of the IEEE international conference on computer vision.
Piscataway: IEEE, 184—-193 DOI 10.1109/ICCV48922.2021.00025.

Hu et al. (2023), PeerJ Comput. Sci., DOl 10.7717/peerj-cs.1302 21/21


https://peerj.com
http://dx.doi.org/10.1109/TCYB.2013.2245892
http://dx.doi.org/10.1109/CVPR.2017.544
http://dx.doi.org/10.1109/ICCV48922.2021.00025
http://dx.doi.org/10.7717/peerj-cs.1302

